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The utility of mass spectrometry for the analysis of biological 
molecules has been enhanced by the development of two 
techniques that generate gas-phase ions via nondestructive 
vaporization and ionization. These techniques can be used not 
only to determine the primary structure of biological molecules 
with unprecedented accuracy, but also to map noncovalent 
biomolecular interactions. 
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Introduction 
Mass spectrometry is fast becoming an integral part of bio- 
logical research, principally due to the development of 
two ionization techniques: matrix-assisted laser desorp- 
tion/ionization (MALDI) and electrospray ionization (ESI). 
Both MALDI and ES1 have greatly advanced our ability to 
characterize large, thermally labile molecules by mass 
spectrometry, because, unlike other mass spectrometry 
techniques, they provide an efficient and non destructive 
means of generating intact gas phase ions. MALDI and 
ES1 have significantly extended the applicability of mass 
spectrometry to a wide variety of biologically relevant mol- 
ecules including peptides, proteins, carbohydrates, and 
oligonucleotides [l-9]. 
MALDI and ES1 have been used to gain important infor- 
mation on the molecular weight of biological samples with 
unprecedented speed, accuracy, sensitivity and mass 
range. Recent developments in instrumentation and new 
sampling methods have not only made these advances 
possible, but also led to an increasing number of mass- 
spectrometry-based applications for the study of both the 
covalent and noncovalent structure of biopolymers. Here 
we summarize these technological advances and discuss 
their implications for biochemical research. 
ESI and MALDI ionization 
ES1 and MALDI are fundamentally different ionization 
techniques, yet they achieve essentially the same end 
result - the generation of gas-phase ions via nondestruc- 
tive vaporization and ionization [l]. In both techniques, 
ionization typically occurs through proton addition or 
proton abstraction to produce either [M+H]+ or [M-H]- 
ions (where M is the molecule of interest). In the presence 
of salt, ionization can also occur by the addition of cations 
or anions to analyte molecules, producing, for example, 
[M+Na]+ or [M+Cl]- ions. 
In EST, ions are formed directly from solution (usually an 
aqueous or aqueous/organic solvent system) by creating a 
line spray of highly charged droplets in the presence of a 
strong electric field [lo]. Vaporization of these charged 
droplets produces multiply charged gaseous ions. The 
number of charges retained by an analyte depends on 
several factors, such as the composition and pH of the 
electrosprayed solvent and the chemical nature of the 
sample [Z-4]. For large molecules, the ES1 process typically 
produces a series of multiply charged species for a given 
analyte. Because mass spectrometers measure the mass-to- 
charge (m/z) ratio, the ES1 mass spectrum contains multiple 
peaks corresponding to the different charged states (Fig. 1). 
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Figure 1 
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Schematic representation of electrospray ionization (ESI) and matrix- 
assisted laser desorption/ionization (MALDI) mass spectrometry. ESI 
occurs through charged droplet evaporation and MALDI via pulsed 
laser desorptionlionization of a sample from an absorbing matrix. In 
each case the ionized species are directed through a mass analyzer 
which allows for differentiation and detection of the ions according to 
their mass-to-charge ratio (m/z). 
The multiple-charging phenomenom in ES1 is a unique 
characteristic of the technique, which allows the mass 
of an analyte to be determined with great precision, 
because masses can be independently calculated from 
several different charged states [5]. The multiple-charging 
characteristics of ES1 also permit the analysis of high 
molecular weight analytes, using conventional mass ana- 
lyzers that are normally limited to the detection of ions 
with relatively low m/z ratios. For example, a 50 kDa 
protein will typically retain -30-50 charges in ESI, 
yielding multiply charged species with mix ratios of 
1000-2000 that are easily detected with quadrupole 
mass analyzers. 
In MALDI, gas-phase ions are generated by the laser 
vaporization of a solid matrix/analyte mixture in which the 
matrix (usually a small crystalline organic compound) 
strongly absorbs the laser radiation and acts as a receptacle 
for energy deposition (Fig. 1) [ll]. This concentrated 
energy deposition results in the vaporization and ioniza- 
tion of both matrix and analyte ions containing very few 
charges [ll,lZ]. ,Low molecular weight analytes 
(< 20 kDa) are typically ionized with only one or two 
charges, whereas larger analytes (> 20 kDa) can accumu- 
late as many as three to five charges depending on the 
specific desorption conditions, in particular, the matrix 
and the laser power used. The relatively low number of 
charge states observed in MALDI makes the technique 
especially well suited for the analysis of multicomponent 
mixtures, as individual components can be easily identi- 
fied by the mass-spectral signal generated from their l+ 
charge state. 
Because ES1 and MALDI are different ionization tech- 
niques they offer different capabilities that in many cases 
are complementary. These capabilities are summarized 
in Table 1. 
Primary structure determination 
Peptides and proteins 
ES1 and MALDI are useful for analysis of primary struc- 
ture because they provide very accurate molecular weight 
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information for intact compounds. Mass accuracies of 
-0.01 % and 0.1 % are routine for ES1 and MALDI, 
respectively, and are far superior to those attainable with 
conventional gel-based techniques. Such accurate infor- 
mation can be extremely useful for protein identification. 
For example, an unknown protein can often be unambigu- 
ously identified by mass spectral analysis of its constituent 
peptides, produced by either chemical or enzymatic treat- 
ment of the sample [6-131. MALDI is especially well 
suited for such analyses as complex mixtures of peptides 
are directly amenable to MALDI analysis. The molecular 
weights of individual peptides in a protein digest are 
also easily determined by using a combination of liquid 
chromatography and ES1 mass spectrometry (Fig. 2). 
Peptide and protein analysis can also be facilitated by ini- 
tiating fragmentation in the gas phase [I]. Fragment ions 
generated inside the mass spectrometer via collision- 
induced dissociation (CID) can often yield information 
about the primary structure of a sample. This tandem 
mass analysis technique involves selecting an ion of inter- 
est with the mass analyzer and isolating it in a collision 
cell. There, the selected ion undergoes collisions with 
an inert gas such as argon, creating fragments that can 
be mass analyzed, providing information about their 
Table 1 
sequence [14]. This multiple mass analysis approach is 
often referred to as tandem mass spectrometry or MS2. 
Because the CID behavior of peptides is already well 
characterized, tandem mass spectrometry with CID can 
be used to acquire direct sequence information on small 
peptides (< 3 kDa). 
Oligonucleotides and carbohydrates 
Mass-based analysis of primary structure is not limited to 
peptides and proteins. Oligonucleotides, carbohydrates 
and a variety of other biomolecules can also be routinely 
examined using mass spectrometry [l-15] . MALDI and 
ES1 have both proven useful for the analysis of nucleic 
acids of 50-100 bases in length [4-161. In combination 
with partial exonuclease digestion, the MALDI technique 
can be used to obtain sequence information (Fig. 3) on 
oligonucleotides of up to 50 bases in length. Mass-spec- 
trometry-based sequencing strategies have proven espe- 
cially useful for obtaining sequence information on 
modified oligonucleotides [17,18]. 
ES1 and MALDI have also been used to study carbohy- 
drates and other small molecules [15-191. For instance, ES1 
combined with tandem mass spectrometry can yield impor- 
tant information about the structure of small biomolecules; 
Capabilities, limitations and recent improvements of ESI and MALDI mass spectrometry. 
Mass limit, 
Daltons (practical) Routine capabilities and limitations Recent improvements 
ESI mass Essentially Femtomole to picomole sensitivity 
spectrometry unlimited (70 000) 
Capable of observing noncovalent complexes 
directly from aqueous solutions 
Amenable to structural studies using tandem 
mass analysis 
Capable of HPLC mass spectrometry 
Analysis of oligonucleotides up to - 100 bases 
in length 
Accurate to 40.01 O/o or better 
MALDI mass -1 000 000 
spectrometry (300 000) 
Attomole to picomole sensitivity 
Accurate to f 0.1 % to 0.01 % 
Tolerant of mM salt concentrations 
Analysis of oligonucleotides up to -100 bases 
in length. 
Analysis of proteins up to -300 000 Da in size 
Tolerant of mixtures 
Not routinely amenable to liquid 
chromatography mass spectrometry 
Not routinely amenable to observing 
noncovalent interactions 
Attomole sensitivity possible with microelectrospray 
Amenable to structural studies using MS” 
capabilities of ion trap mass analyzers 
Adaptation to time-of-flight mass analyzers offers 
unlimited mass range for large biomolecules and 
biomolecular complexes 
Attomole sensitivity possible with submicroliter 
sample preparations 
Accuracy and resolution improved with 
implementation of delayed extraction technology on 
the ion source 
Potential as a tool for DNA and peptide 
sequence analysis 
Potential as a tool for studying noncovalent 
biomolecular interactions. 
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Figure 2 
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Analysis of a proteolytic fragments using MALDI mass spectrometry or spectrometry. The molecular weight of individual fragments can also be 
liquid chromatography with ESI mass spectrometry detection (LCIMS). accurately determined using a combination of liquid chromatography 
Complex mixtures can be analyzed in a single step using MALDI mass and ESI mass spectrometry. 
this was demonstrated in a study on the calcium-binding 
properties of the cell-surface carbohydrate sialyl Lewis x 
(sLeX) (Fig. 4). The results of this study provided struc- 
tural evidence that the calcium atom in the compound is 
coordinated to the trisaccharide of sLeX [ 191. 
Probing higher order biomolecular 
interactions 
‘Native’ ESI mass spectrometry 
As shown in Figure 4, the gentle nature of electrospray 
ionization permits the analysis of noncovalent complexes. 
Because ES1 can be used to analyze samples under solu- 
tion conditions that preserve their native conformation, 
the technique has been useful for studying both noncova- 
lent and covalent associations of biomolecules, including 
protein-protein [20,21], protein-ligand [ZZ], enzyme-sub- 
strate [23], enzyme-inhibitor [24], and duplex DNA com- 
plexes [25,26]. Accurate mass analysis can be very useful 
in determining the stoichiometry of a particular noncova- 
lent complex. For example, ‘native’ ES1 mass spectrome- 
try has been used to assess the oligomeric state of several 
different multimeric complexes, such as the 4-oxalocroto- 
nate enzyme complex [27,28] (Fig. 5). In some cases, the 
ES1 technique has also yielded important information 
about the relative strength of noncovalent, multimeric, 
complexes. For example, investigations with complemen- 
tary oligonucleotides have demonstrated that intact, 
duplex DNA is amenable to analysis by ‘native’ ESI, and 
have shown that it is possible to assess the relative stabil- 
ity of different DNA duplexes by studying their propen- 
sity to dissociate into single-stranded oligonucleotides 
upon CID [29,30]. 
There is mounting evidence that the gas-phase complexes 
detected in ‘native’ ES1 experiments are similar to those 
found in solution. Many of the ‘native’ ES1 results 
obtained to date have been consistent with those from con- 
ventional solution-phase techniques. In addition, we have 
recently shown that a virus can remain viable after mass- 
spectral analysis [31], and the mass of an intact virus has 
been measured [32]. These results provide evidence that 
gas-phase noncovalent complexes can reflect their solution 
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Figure 3 Figure 4 
Relative 
intensity 
W 
MALDI mass spectral analysis of a small DNA fragment of sequence 
5’-d(GCTTXCTCGAGT), carrying a modified nucleoside in the 5 
position (X = 2’0-methyl adenosine), partially digested with an 
exonuclease to obtain sequence information. The amount of digestion 
can be controlled by varying exonuclease concentration and exposure. 
In this case, fragments from full length (12 nucleotides) to 5 
nucleotides were obtained. Commercial oligonucleotide sequencing 
kits have been developed that allow for partial exonuclease digestion 
from either end of the molecule and can provide full sequence 
information with MALDI-MS on a single-stranded DNA up to 50 bases 
in length. Reproduced with permission from [la]. 
structure and demonstrate the utility of ES1 for analysis of 
supramolecular complexes with molecular weights of over 
40 million Daltons. 
Mapping noncovalent biomolecular interactions using MALDI 
The strongly acidic conditions commonly used for sample 
preparation in MALDI tend to denature biological 
samples and often preclude the direct characterization of 
higher order structure by this technique. Several methods 
have been developed, however, that use MALDI as a 
readout for defining specific noncovalent biomolecular 
interactions. One approach relies on the MALDI analysis 
of protein digest products. Since proteolysis is limited by 
solvent accessibility and protein flexibility, sites that are 
involved in binding or are buried inside a protein may not 
be digested; thus, structural information can be acquired 
by determining which cleavage sites in a molecule remain 
protected from digestion. The feasibility of this tech- 
nique was first demonstrated by Chait and coworkers [33] 
in probing the solution structure of DNA-binding pro- 
teins. In this study a basic helix-loop-helix transcription 
factor, Max, was digested in the presence or absence of its 
cognate DNA. The Max-DNA complex was highly resis- 
tant to proteolysis compared to the uncomplexed protein. 
MALDI analysis of the products of these proteolytic 
digests made it possible to identify those regions of the 
Max polypeptide chain that were protected from proteo- 
lysis upon DNA binding, and provided insight into the 
location of the DNA interaction sites on the Max protein. 
The approach outlined above has also been applied to the 
study of protein-protein interactions (Fig. 6). For example, 
200 600 1000 
Electrospray tandem mass analysis of the cell-surface carbohydrate 
sialyl Lewis x (sLeX) bound to calcium. The fragmentation data shown 
here, combined with other mass-spectral and modeling data, indicated 
that calcium is bound to sLeX through the trisaccharide portion of the 
molecule and not the sialic acid 1191. 
MALDI analysis of the tryptic fragments of p21-B (the 
kinase inhibitory domain of the cell-cycle regulatory 
protein, ~21) in the presence or absence of cyclin-depen- 
dent kinase (Cdk2) revealed a segment of 24 amino acids 
in p21-B that is protected from trypsin cleavage, thus 
identifying the segment as the Cdk2 binding site on 
pZl-B (Fig. 7). In these experiments, MALDI analysis of 
the tryptic fragments produced by enzymatic digestion of 
the CdkZ-p21-B complex was simplified by using both 
p21-B containing the natural abundance of isotopes and 
‘“N-labeled p21-B [34]. The use of ‘“N-labeled p21-B 
simplified interpretation of the mass spectra for the 
p21-B-Cdk2 complex; these spectra were complicated by 
the appearance of peaks due to tryptic cleavage of both 
pZl-B and Cdk2. 
Figure 5 
Denatured monomer 
M5C 
Me+ 
Native home-hexameric complex 
H13+ 
m/z 
1 
The ESI-TOF mass spectrum of a multimeric enzyme. 4-oxalocrotonate 
tautomerase (40T), showing that the noncovalent homohexameric 
enzyme complex can be detected by mass spectrometry [271. 
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Figure 6 
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An illustration of the mass-spectrometric proteolytic assay for the 
detection of protein-protein interactions 1341, similar to the assay 
previously described for protein-DNA interactions [33]. The figure 
compares peptide maps obtained after enzymatic proteolysis of (a) a 
hypothetical protein and (b) the same protein in a complex with a 
ligand. Peaks marked with a * represent proteolytic fragments from the 
ligand. 
A combination of proteolytic digestion and affnity- 
directed MALDI mass spectrometry has also been used to 
accurately map specific interaction sites in proteins [35]. 
In this approach, the approximate location of a continuous 
binding epitope within a protein ligand was determined 
by subjecting the protein ligand to proteolysis and then 
selecting for constituent peptide fragments that bind a 
specific, immobilized antibody using an immunoprecipita- 
tion step. The binding peptides were identified by direct 
MALDI analysis of the immune complex. 
Other methods for examining protein-protein interac- 
tions, which rely on the chemical crosslinking of protein 
complexes prior to MALDI analysis, have also been devel- 
oped. To determine the stoichiometry of multimeric pro- 
teins, they can be subjected to MALDI analysis after 
reaction with a crosslinking agent such as glutaraldeyde. 
In this case, glutaraldeyde is used to covalently link the 
protein subunits in solution [36]. The oligomeric state of 
the protein can be accurately assessed by MALDI mass 
spectrometry of the covalently linked complex. 
Clearly, ES1 and MALDI are suitable for tasks beyond 
molecular-weight determination. As illustrated above, 
their suitability for gathering structural information offers 
a unique approach to solving biomolecular problems. At 
just a decade old, however, their full potential is still being 
realized; several recent advances are described below. 
Recent improvements to ESI and MALDI 
The continued development of both ES1 and MALDI 
has led to an increasing number of applications. Among 
the improvements are the coupling of ES1 and MALDI 
to new mass analyzers and the development of new 
sampling procedures. 
ESI instrumentation 
The ES1 technique has been most commonly used in 
combination with quadrupole mass spectrometers. In most 
cases, conventional quadrupole mass analyzers are capable 
of scanning up to m/z 3000, which has been sufficient for 
the ES1 analysis of large biomolecules under denaturing 
solution conditions. Under native solution conditions, 
however, the relatively compact structure of folded pro- 
teins retains only a limited number of charges during ESI, 
producing ions with m/z values > 3000. Thus, the applica- 
tion of ‘native’ ES1 mass spectrometry to the analysis of 
high-molecular-weight, noncovalent complexes has 
required the use of mass analyzers with a greater m/z 
range. To this end, quadrupole mass filters with an 
extended m/z range of up to 5000 have been developed 
through improvements in electronics. 
Time-of-flight (TOF) mass analyzers have also been suc- 
cessfully interfaced with ES1 ion sources (Fig. 5). The 
Figure 7 
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Protein-protein interactions can be detected using MALDI mass 
spectrometry 1341. The histograms represent (a) tryptic digest 
fragments of free protein (~21 -B) labeled with tsN (striped) or 
unlabeled (black), and (b) the tryptic digest of the complex of p21 -B 
and CdkP, with p21 -B labeled with 1sN (striped) or unlabeled (black). 
Cl represents the ion intensity of the amino- and carboxy-terminal 
fragments generated at each cleavage site. These results demonstrate 
the reduced accessibility of trypsin at particular cleavage sites 
protected in the complex. 
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Figure 8 
3f 
Mass spectrum of 
peptide 
molecular ion 
325 
433 MS 
1 
Multiply charged ion, m/z 433, 
c and its isotopes 
\ 393 
Fragment ions of m/z433 *+ ,3g5 ! 
MS* 
563 
2+ 
l-t 
532 MS3 
\ 
\ I 1+ 
Fragment ions of fragment m/z 395 
Data obtained from an electrospray ion trap mass spectrometer 
(Finnigan LCQ) showing MS, MS.2, and MS3 data acquired from 
angiotensin I. The m/z 433 ion inset represents the high resolving 
power possible with the ion trap, which allows the charge state to be 
determined. In this case the isotope spacing is 113, therefore the 
charge state is 3. The MS/MS data from the ion trap also complements 
database searching algorithms, providing a very powerful peptide 
mapping and protein identification system. The higher-order mass 
spectra can be used to obtain additional structural information on 
fragment ions leading to total or partial structural information on the 
compound of interest. 
TOF analyzer separates ions according to the time it 
takes them to traverse a given distance; as they are given 
the same kinetic energy, ions of different mass reach 
the detector at different times. These analyzers have, in 
principle, an unlimited m/z range. 
The recent commercial introduction of an ES1 source 
combined with an ion-trap mass analyzer also promises to 
make the acquisition of fragmentation data routine. The 
ion-trap analyzer offers a mass range to -m/z 6000 and 
the ability to perform multiple fragmentation (CID) 
experiments. These MS* experiments are performed by 
repeatedly isolating fragment ions and further inducing 
fragmentation of these ions [37,38]. This information can 
be especially useful for structure determination of pep- 
tides, carbohydrates, and drug metabolites, providing a 
wealth of information on a molecule’s structure (see Fig. 
8 for an example using angiotensin I). 
MALDI instrumentation 
The MALDI technique has primarily been used in com- 
bination with TOF mass analyzers. These instruments 
are especially well suited for use with MALDI since the 
laser desorption/ionization event takes place at a specific 
point in space and time. Unfortunately, a major limitation 
of conventional TOF mass analyzers has been their rela- 
tively poor resolving power. Recently, however, the 
development of MALDI TOF instruments with delayed 
ion extraction has significantly enhanced their perfor- 
mance [39-41]. The data shown in Figure 9 illustrate the 
improvement this innovation has made in spectral 
quality. Whereas conventional instruments rely on a con- 
stant electric field to transfer ions into the TOF analyzer, 
the delayed extraction technique uses a submicrosecond 
delay between the time ions are produced and the time 
they are introduced into the analyzer. This short delay 
narrows the velocity distribution of the ions that are 
formed in the MALDI process and serves to improve 
mass resolution up to five-fold with an associated increase 
in mass accuracy. 
Ion detectors 
As shown in Figure 1, the mass spectrometer is the combi- 
nation of an ion source, a mass analyzer, and a detector. 
Conventional detectors such as electron multipliers gener- 
ate secondary electrons once an ion strikes its surface; 
with a resulting amplification of lo6 electrons for each 
striking ion, these detectors offer high sensitivity with a 
lifetime of one to three years. 
Figure 9 
nt101.s extraction 
8500 
Improved resolution obtained with delayed-extraction MALDI, 
compared to continuous-extraction MALDI, on a 26-base 
phosphorothioate oligonucleotide [401. Reproduced with permission 
from [40]. 
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A recent innovation in detector technology, which could 
have broad-reaching implications, is charge-detection mass 
spectrometry. This technology, which relies on detecting 
the presence of a passing charge by the current it induces 
on the surface of a conducting plate, could potentially 
change the way we analyze high molecular weight bio- 
molecules and possibly allow us to measure the mass of 
viruses and phage [42,43]. Charge detection has several 
important advantages over traditional detection methods, 
including a theoretically unlimited lifetime for the detector 
and the ability to measure the charge state directly, as the 
intensity of the signal is directly proportional to the charge. 
Charge detection also has the unique ability to detect 
ionized species independently of their mass or ion velocity. 
Large ions often yield weak signals with conventional ion 
detectors, because they strike the detector with insufli- 
cient velocity to generate enough secondary electrons for 
signal production. Charge detectors obviate this problem, 
because they rely on the accumulation of charge and not on 
the production of secondary electrons. 
Sampling techniques 
Several new sampling techniques have also added to the 
increased utility of ES1 and MALDI. The ability to 
perform MALDI on proteins directly from two-dimen- 
sional gels [44] and on enzymatically activated surfaces 
[45] or from solid-phase resins [46] has greatly simplified 
sample preparation for MALDI mass spectrometry. The 
ES1 technique has been modified to allow for nanoliter 
per minute sampling rates [47]. Using this new approach, 
designated microelectrospray, microliter sample quantities 
can be analyzed over the course of hours, consuming only 
small (subfemtomole) sample quantities. 
Summary and conclusion 
The increase in the use of mass spectrometry in the 
biotechnological field can be attributed in large part to the 
development of ES1 and MALDI. Mass-spectral analysis 
of a variety of biologically important compounds has been 
carried out using these two relatively new ionization tech- 
niques, establishing mass spectrometry as a valuable tool 
for studying both the covalent and noncovalent structure 
of biopolymers. 
In addition to improvements in the technology (Table l), 
the availability of instrumentation has also been important 
in the successful development of mass spectrometry. In 
the last ten years both the price and size of mass spectrom- 
eters have decreased to a point where it is possible for both 
chemists and biologists to have access to these instru- 
ments. As more scientists are able to perform mass analysis, 
their appreciation of and reliance on its applications grows. 
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